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An analysis of the Satlrrn I-Apollo static force d i s t r i b u t i o n  has been 

perfomed to provide the basis f o r  a quasi-steady analysis of the aero- 

e1asi;i.c s t a b i l i t y  of the vehicle. The flow field over the Saturn I- 

kr>ollo launch vehicle contains n r L m r o s  regions of separated flow which 

drastically alter the s t a t i c  force d i s t r ibu t io r , .  The separated w a k e  

fron the tower moimted escape rocket has the l a r g e s t  single effect q o n  

the veh ic l e  n o d  force d i s t r i b a t i o n .  The tower wake causes an increase 
r' in t he  cornand modldle loading t h r o q h o , i t  the .%ch number range .6 s.4 1+ 2.2, 

and t r a n s o n i c a l l g  a nega t ive  loading is induced o n  t h e  fortrard service 

module aft of the coaraand ?rodile shoilder by the r e a t t a c h i n g  escape r o c k e t  

wclke. The wake a l s o  %hickens the  scn-ice m d d e  boundary lai-er pro:not$n;: 

the flare induced separation forward of tns service m d d e  f lare .  -3egions 

of flare induced separatian a r e  p r e s e n t  over the v a d o i s  other body flares. 

I n  general ,  f l a r e  induced separation prodaces a negat ive load ing  on the 

cylinder 'orward of t h e  f lare i n  the region of the detached flare shocks 

and i n c r e a s e s  the load ing  over the flare. 

a f t  of the flare shoulder 3 negat ive l o a d  results in this region which is 

si iilar to the negative service aodlde l o a d  c a s e d  by the r e a t t a c h i n g  

escape rocket wake. 

If the sepa ra t ion  reattaches 
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Art agmroxirrration t o  the s t a t i c  load dist,-ibation is presented in 

Appendix 2 for the two c o n f i g w a t i o n u  3f mfor interest (the basic 

configuration and the c u r r e n t  f l i g h t  configuration) 

aruo-ants t o  replacing t h e  vari<l= regions of  positive and negative loading 

over the body by 18 discrete body f o x e  vectors plus a fin loading vectw. 

phis l&ed force apmoxi-nation has been acco:nplished t o  facilitaLe the 

ut i l iza t ion  .sf the data in a qaasi-steady aerodynamic amilysis of the 

response of the e las t ic  vehicle, 

This approximation 
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IfEFINiTi 711 9 F  SY:T!3U 

Forebody d a l  force coef f ic ien t ,  

forebod2 axial force 
112 p u2 s 

?;xnii. force 
Woml force coefficient, 

112 p 1:2 5 

Local noma1 force coefficient slope 

Lmped norroal force coefficient slope 

Pressure coefficient,  

Reference length, 1 s t  stage diameter - 1 caliber = 257 inches 

Local clisneter, calibers 

Free stream velocity, f t /sec 

~ ~ ~ 1 1 9 o n e n t  of free s t r ean  velocity norma t o  ~ o a y  axis, M s e c  

Senter of p r e s s u e ,  calibers 

Angle of .attack, degrees 

Free stream density, sl;lgS/ft 
3 

Denotes zero angle of attack characterisLics 

Denotes radial position, degrees 

Refers t o  second slope i n  t r i p l e  slope approxia3tion of ani;le Df 
attack characteris t ics  

Refers to third slope of tr iple  slope approxisa t ion  of a n d e  of 
attack characteristics 
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In Fay 1962 Lockheed Xis3lles and Space C m p a q r  was r e t a ined  by %he 

Aeroballistics Laboratory of  t h e  KASA Iiarshall Space FliGht Center in a 

xmsul tant  capacity to dete-rfaine the a e r o e l a s t i c  stability of the Saturn I 

launch  veliicle w i t h  an Apollo payload. 

a n a l y s i s  t . c h n i q J e  developed a t  LSG (Reference 1) uses t h e  s ta t ic  acm- 

dynamic load d i s t r i b z t i o n  over t h e  vehicle as an inpitt. 

The q t u s i - s t e a d y  a e r o d y y a i c  

This report  presents t h e  resfits of an analysis of t h e  static load 

d i s t r i b s t i o n  over t he  S a t a m  I-Apollo vehicle where the  effects of the 

nmorous regions of separated flaw have been included. 

w e d  in the quasl-steady dynamic anabjsis of k f e r e n c e  2. 

These da:a were 

Since t h e  Apollo payload w i t h  its escape syste7 has t he  most i ; ; iportant  

effect  on t h e  v e i i d e  d y n a l i c s  a t e s t  progra , i  was c o n d x t e d  in the  

Unitary Plan Wind T.mnela of the h e s  L9esearch Center t o  accurately 

determine the load d i s t r i b i t i o n  over t!ie f x u a r d  gortio.? o f  t h e  lallnch 

vehicle. 

service ,nodule, and s e r v i c e  ,nodale flare loads call? be determined Po:: a 

basic c o n f i g u r a t i o n  which a t  t h a t  tire represented t h e  Lflight c o n f i g u r a t i o n  

A ddal balance se,pented mdel was used 33 t h a t  coinnand w d d e ,  

(Fig. 1). 

to f ae i l i t a t e  the analysis and to provide sone dasa needed f o r  e x c r a g o l a t i o n  

O t h w  forebody conf igura t ions  weri-b also investigated i n  o rde r  
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I~?T..WDUCTiON ( Cont d)  

to 0 t h  escape rocket and tower configurat ions.  

program for conf igura t ions  other than the basic conf igura t ion  was,  

however, g r e a t l y  curtailed became i t  was considered to be re saa rch  

t e s t i n g  which Ames c o d d  not  adrsit due t o  a heavy tes t  schedule. 

2 presen t s  ske t ihes  o f  t he  configurat ions t e s t e d  and Eleferences 3 and h 

p r e s e n t  t he  data obtained from the test program. 

i n  conjunction with t h e  results of variou o t h e r  s ta t ic  force and 

p res su re  tests (References 5, 6 and 7)  t o  determine the static load  

The proposed test 

Figure 

These data were used 

distr ibat ion over the entire vehicle. 

Subseq:aent to  the completion of this analysis a conf icura t ion  change uas 

sade as m y  be seen i n  Figure 3, uhich p resen t s  a ske tch  af t h e  c m e n t  

" f l i g h t  configwation." 

the data of Reference 8 t o  determine the l o a d i n j  ov2r the " f l i g h t  oon- 

The ana lys i s  has, therefore, been extended using 

f igu ra t ion . "  

Appendix A presents an empir ica l  pressure i n t e g r a t i o n  technique (reed t o  

i n t e g r a t e  the data of Reference 5 ,  while Appendix B inc ludes  a t r i p l e  

slope approximation to the nm-linear angle of attack c h a r a c t e r i s t i c s  

of the various discrete normal force c o e f f i c i e n t s  which approxinates the 

static force d i s t r i b z t i o n  of t h e  " f l i g h t  configurat ion."  These data are 

in tended  t o  f a z i l i t a t e  t h e  inc las ion  of t h e  separated flow force d i s t r i -  

bution into a multi-degree of freedom dynamic simulat ion,  
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The S h a n  &Apollo conf igura t ion  o f f e r s  t h e  aerodynamicist  a mique oppor- 

tunity t o  i n v e s t i g a t e  t h e  e f f e c t s  of separat6d flow an the aerodynanic 

c h a r a c t e r i s t i c s  of large launch veidcles .  

f i e l d  aver t h e  S a t n n  I-Apollo veMcle a t  a &ch number of 1.35. 

every  type of flow se?ara t ion  is present :  

forward of t h e  escane rocke t  d i s k ;  the escape r x k e t  wake impinging a?on 

the coxrnnand ntodclle is similar t 3  separated f l o w  f roa the blunt tip of a 

s h o r t  spike; f lare- induced separa t ion  i s  evident  loruard 3f t h e - s e r v i c e  

m d d e  flare, t h e  s e c m d  stage adapter  ring, and the small %ail  flare; t h e  

separation aft of the  second stage adapter r ing  i s  of tie hamerhesd o r  

base Make variety. 

t h e  Saturn I-A00112 vc,+-cle with es.=ape m c k e t  re:ro.ied reveals $he pre3ence 

of nose-indaced transonic separaiion. I n  the  fo l lowing  d i sc J s s ion  the 

aerodynamic c h i r a 2 t e r i s t i c s  of v a r i o a  tljpes of separa t ion  w i l l  be co'2pa.reJ 

Figare '4 i l l a t r a t e s  the flow 

A l m o s t  

*Qtarded spike sepa ra t ion  e x i s t s  

An exaxina tLon of the aemdynani.: c h a r a c t e r i s t i c s  of  

w i t h  the S & ~ E A ~ o l l o  coaporient c n a r a c t e r i s t i c s .  

Spiked-Body Separat ion 

For a spiked blunt body t h e  spike tip, a c t i n g  as the wake sowce, prodaces 

a region c ~ f  separated flow which iapinges on the blsmt aft body o r  a n d -  

s h i e l d .  

Figure 5 ) .  

v e l o c i t y  o r  djlns.nic pressure f i e l d  wi th in  t h e  separa ted  flow regior.. 

The s p i k e  greatly reduce3 the axial f o r c e  of the windshield (see 

The axial  force r e d i c t i o n  is a resdtlt of the decreased avera,;e 



, . 
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Accompanying the reduction i n  the average velocity are large veloCity 

gradients that, when coupled u i t h  the different ia l  movement of the re- 

attachment u i t h  angle of attack, p m d x e  a large increase i o  the n o m a 1  

force derivative near a- 0’. 
ment of the reat tachment  is the lxrge stabilizing axial force momnt. 

Thus, as i l lmtmted i n  Figure 5 ,  the addition of a spike to a blunt 

conical windshield produces a r e d x e d  axial force, an increased nomad. 

force derivative, and a mre s tab le  pitching moment derivative. 

angle of attack is increased the spiked body characteristics arpruach 

attached flow spike off characteristics. 

&so a pmdact of the d i f f e r e n t i a l .  dwve- 

As 

1 

The coarmand roodale characteristics (Figure 6) show great similarity with 

the spiked-body characteristics of the conical windshield. Addition of 

the escape syste,a to the cornnand nodule produces an axial foxwe reduction 

and a norml, force d e r i v a t i v e  increase near %em angle of attack. The 

differences between the tower on and tower-off uharactel-istics, Wal 

force coefficient and norm1 force slope can be seen to  diminish with 1 

increased angle of attack. 

is eqdvalent to t h e  spike t ip ,  iie., the d i s k  is the sonce of the wake 

that impinges upon the command m o d i l e  prodtlcing the non-linear charac- 

teristics. 

It is evident that she escape rocke t  disk 

!?ne may postula+ve t h a t  removal ~f the escape rocket disk will 

- 
h e  reader is referred to rleference 9 f o r  a f u r t h e r  discussion of 

sptked-body characteristics. 

I 

I 
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reduce t h e  wake, and therefo,m, be eq~valent 53 r e d i c i n g  t h e  sTLke 

length.  The effect *?on t he  coPuaand module c h a r a c t e r i s t i c s  would then 

be t o  i n c r e a s e  t h e  c= 0' axial fo rce  and decrease the  normal force 

d e r i v a t i v e  uhen co:qared t o  the  disk-on cmfi&;lrat ion.  

later t h a t  this is  precisely w h a t  hanpens. 

It w i l l  be shown 

Cone-Cylin3er-Plare Separat ion 

Much e w e r i n e n t a l  data have been gathered on cone-cylinder-flare bodies 

due t o  t h e  s i r i t a b i l i t y  3f this type of cQnf igu ra t ion  t o  re-entry body 

design. There arp t h r e e  d i 3 t i n c t  typos of cone-cylinder-flare separation. 1 

1) Fype I - Nose-induced separation, 

2) T.,pe I1 - Sdpersonic flare-indliced sepa ra t ion ,  

3) Type I11 - Transonic flare-indticed separat ion.  

The three types of cone-cylinder-flare sepa ra t ion  are i l l u s t r a t e d  i n  

F igure  7. Type I separation appears a t  high slabsonic 1kch numbers and is 

caused by the 1aq.e adverse pressilre g r a d i e n t  aft of t h e  nose mne. T h i s  

t p e  of s e p a r a t i o n  appears a l s o  on cone-cylinder bodies i f  t h e  cone ang le  

is large. 

s q e r s o n i c  Yach nmbers and resembles r e t a rded  s p i k e  separation.* 

111 s e p a r a t i o n  is a possible i n t e r i s  case between b e  I and 'l'ype 11 

sepa ra t ion .  Type 111 sepa ra t ion  is flare-inddced where, dae t o  t h e  s h o r t  

cylfider l eng th ,  the  s e p a r a t i o n  t r a v e l s  forward t o  t h e  csne-cylinder 

Type T I  s epa ra t ion  i s  pmd.rced by the detached flare s b c ~  a t  

Type 

jancture. 

ootirnm sp im l eng ths .  

This tme of separation resembles spike s e p a r s t i o n  f o r  less than 

3 

A more complete d i scxss ion  of cone-cylinder-flare sepa ra t ion  is  contained 
in Reference 10. 

2 FLOW separation s t a r t i n g  a f t  of the s p i k e  t ip .  
3 Flow separation s t a r t i n g  a t  the x i k e  ti?. 



The separation-induced f l a r e  c h a r a c t e r i s t i c s  (Figure 8) are similar t o  

the spike-induced uindshield characteristics (F igure  5 ) .  

t i o n  causes a r e d i c t i o n  of the axial fo rce  c o e f f i c i e n t  and an increase  in 

the normal force derivative of t h e  f l a r ~ .  The s i p e r s o n f c  T y p e  II sepa ra t ion  

has less effect than the subsonic  T y p e  I separation due t3 the lesser extent 

of the separated flow region. 

'he flow separa- 

Figures  9 and 10 i l lustrate  th.. e f f e c t  af the t3cai.e rocket systea on t h e  

se rv ice  modile f l a r e  cha rac t e r i s t i c s .  

syvtem in ?lace resemble n x n a l  attached flow c h 2 r a c t e r i s t i c s  a t  H - 0.8. 

Xemoval of the escape systen caiises I';,-pe I separa t ion  t u  o c c u  a t  the  cone- 

cylinder juncture .  

& The ,lare c h a r a c t e r i s t i c s  with escape 

This i s  evidenced by the c h a r a c t e r i s t i c  non-l inear  

normal fwce came and the  corxsponding axial force reduction. 

absence of Type I separation with the  escaJe tower on is explained b;i the 

s p i k e - e f f e c t  of the escape rocket.  

encloses t h e  command modile and the flow a t t aches  a f t  of the comand 

modde-service %nodule juncture .  

The 

fhe escape rocket wake conpletely 

The picture supe r son ica l ly  is re:iersed. F i g m s  9 and 10 at M = 1.35 , 

i n d i c a t e  t h n t  t h e  airflow over the flare is a t tached  tower-off and separated 

tower-on. 

defici t ,  weakens t h e  se rv ice  nodule boundary layer s b f i c i e n t l y  t:, prowote 

Apparently the i;ripinging tower wake, which contains  a v e l o c i t y  

Type SI f lare- induced seTaration. It is i n > e r e s t i n g  t o  note t h a t  the 

shadow&ra;.tF@ (which are not slitable for  reprcodmti-ln i n  this report) 

i n d i c a t e  that  t h e  addition of the escape rocke t  and bwer prodaced a 
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sabs ' an t i a l ly  t h i c k e r  turbulent boundary-layer forx.sd of  the service 

m d i l e  flare. Kxehn has snow. i n  geference 11 %kat an increase i n  the 

.Reynolds nmber ( 22&) based 3n t h e  bc.xxiar,--lapr th i ckness  ( 6 ) a t  the 

p o i n t  where the flare first affects the c y l i n d e r  s t a t i c  pressure, p ~ ~ ~ i ~ o t e s  

flare inddced seDsrat ion f o r  a f d l i y  devefo7ed t w b d e n t  bomdary  layer. 

~n other wDrds, t h i cken ing  the  t u b d e n t  5olmdax-y layer forward of  the f l a r e  

pronotes f lare- inddced separation. 

I 

The effects 3c t h i c k e n i n g  the  'somrfary layer  forward of  t h e  flare w l t h  t h e  

tc?mr on car! best be seen  i n  Figure 11 where t h e  c h a r a c t e r i s t i c s  df the 

flare a t  a= O3 are Dlot ted  v e r s a  Mach nsnber. 

see that ,  tower on the n o r m 1  fwce d e r i v a t i v e  is  increased,  t h e  axial 

force c - ) e f f i c i e n t  i s  r e d x e d ,  and shere i s  a genera l  i nc rease  i n  s t ab i l i t y  

ronrgin. 

tower on. 

flare a r e  1irrest tmei.-off where Type 1 nose I n ? x e d  sepa r s t ion  ~CCUTS. 

The flare-induced aepara'tion effects J n  the basic conf l g u a t i o i j  are present 

t h ro ighou t  ;he Xach ntuaber range .t 54152.5 peaking at i = 1.2. Ahe f l a r e  

center af pressure f o r  the basic configuration no"es forward with increasing 

Nach nmber and is, at 2.I = 2.5, forward of 7;he a t t ached  flow c e n t e r  d' 

pressure (tower-off) .  

region (see flow sketches in F i g u e  ll), i.e., t h e  separa t ion- indxed  farces 

are iocawd f y r t h e r  forward on the -?lare far higher  .lash nmbers .  The forward 

c e n t e r  of pressure s1ift at 3 = 1.35 for the  tower-off canf lLura t ion  has the 

S i p e r s m i a l l y  one xay 

These effe  A s  are i n d i c a t i v e  of increased  f l a r e  i n d x e d  .;e?aration 

3n t h e  o t h e r  hand ~ i b m n i c a l l ? ~  the separa ted  f low effects 3n t h e  

T h i s  is a r e s d t  of t h e  decreasing se?sra ted  flow 
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same cause. 

config-aration a t  low sgerssnic .%ch nmbers .  

sapersonic  attached flow tower-off chrac-.,eristizs and t k ' ~  analyt ical  pre- 

d i c t i o n s  of References 1 2  and 13 wi l l  be d i s c * s s e d  i n  connection Kith 

the service module c h a r a c t e r i s t i c s .  

A qild -rlare-induced seriaration is o b t a i n e d  on the t o t e r - o f f  

fhe devistion between t h e  

1 

PidSSURE DISTEUB3TION 

The preasilre d i s t r i b u t i o n  over the :"oru?rd ?o r t ion  ~f the  Saturn I-Apollo 

vehicle prodaces s w ? a r t i n g  et idence f a r  t he  precedling arguments. Ey 

compwing tower-or. a n 3  tower-2ff ~ r e 3 s w e  d i r t r iba t ions  both s u b s ~ n i c a l l y  

and supe r son ica l ly  t h e  detai led  segarated : l o w  effects :nay be examined. 

%y exadning  the pressare d i s t r i b u t i o n s  i n  detail t h e  the phenoioemn 

respons ib l e  f o r  certain pccllarities, sach as the subsonic separation over 

the flare K i ~ h  the tower on, and the rrddced flare e f f e c t i v e n e s s  carlsed by 

adding a c y l i n d e r  aft of  the flare, etc. may be mderstood.  Since t h e  

pressure d i s t r i b J t i o n  i n d i c a t e s  t h a t  nega t ive  service iod d e  l oads  should 

be F-Pesent A b r i e f  d i s c a s s i o n  of service w d d e  f o r c e  c h a r a c t e r i s t i c s  is 

incldded i n   his sectim t o  silbstantiase t he ' p re s su re  data t rends .  

Subsonic Pressure kis t r i b u t i o n  

The p r e s s ~ @  d i s t r i b u t i o n  over t he  forward por t ion  Qf t h e  Saturn I-Apollo 

v e h i c l e  i s  rather complicated s h s o n i c a l l y  s i n c e  &te different sepa ra t ion  

--- 

phenomenon exist for :he two configurations.  However, by corrparing the 

''The secmd order shock exnansion .lethod of  deference 13 has been 
programwed for d i d i t a l  zomxter s o l a t i o n  3t E+fSC (%f. 1.1). 

program ubs B e d  t o  obtain t h e  r e s u l c s  shown. 
T h i s  
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A = O.? pressure d i s t r i b u t i o n s  f o r  *aver on 2nd tower off conf i zu ra t ions  

to m e  a n o m e r  (as shown i n  Figure 12 )  and t o  t h s  theoretical  attacked 

flow prpssure d i s t r i b u t i o n  (see Sketch 1) one may see tile various sepa ra t ed  

flow effects. 1 

A t  a = 0' t h e  aft certjnand . mdclle pressures are lower with tower on which 

l n d i c a i x s  t h a t  t he  t.m-r wake cmpletel.; e n d o s e s  tvhe comand ma3Ile. A t  

CX = 4' t h e  pressure l e v e l  i s  reduced so::?ewhat inore 3 n  the leexard side. 

jht the uindkard s ide ,  hoxever, the a f t  c m a a n d  .nod d e  pressms are inc reased  

s u b s t a n t i a l l y  abo-,:e the tower off levels, becaGe t h e  wake impingas on the 

coqiltand rnodde and the high pressures associated wi th  f low mattazi-ment are 

rea l i zed .  

The effect of separated flow 3n the  presswe d i s t r i c d t i o n  a f t  af ihe  coznand 

nodiile-se&ce rlodile j . m c t u e  i s  nore subt lo .  $ h e  ;nay see from the data 

of Figure 1 2  that t h e  forward service rnodtlle pressures are more negative f o r  

t h e  t o m r  an ccnfi:?uration t h a n  f w  t h e  tower Jff c o n f i g ~ s a i i o n .  In both 

cases t h e  windward s i d e  p r e s s u r e s  are more negative than the leeward s i d e  

pressures which is i n d i c a t i v e  of se sa ra t ed  flow. m s  nay be e q l a i n e d  b;- 

c o n s i l t i n g  Sketch 1 on the following page. 

ft should kle r o t e d  that the p r e s s u e  data of  Figures 11 and 1 2  f o r  the 
c o n f i g f l a t i o n  with escape syste'n removed was Jb ta ined  
shorter service module. 
the same forward arid ait se rv ice  noddle pres sd re  levels a,ti str.  t z h h g  
the d i s t r l b t i o n  o J t  over the longer cy l inde r  length.  Cylinder l e n g t h  
dDes ha-:e some effect on the pr"ss7rre peaks, p-3r'ticdarly at .1 = d.9. 
Emever, t h e  e f f e c t  is believed t o  be : inor i n  t.Us case and unimportant 
for t he  conm:rison of general trends. 

a sJ-.lewhat 
The da ta  presented have Seen obtained by keeping 
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sbsteh 1 

By compartng the theoret ica l  attached floir pressme distribution with the 

act& pressure distr ibut ion one imy see h o w  flow separation affects the 

tower ofif can f igu ra t ion .  

the body are r e d x e d  bjr separatiorl and the qmssupe grad ien t s  are also 

reduced. With  inc reas ing  angle of attack the separated bollndary layer on 

the uindKard side is th lnned  odt by cross-flou efCec"b and is strengthened 

permitting a l a rge r  pressare gradient. Thus, the windward pressure distri- 

bution approaches the  theore t ica l  attached A ~ O U  d i s t r i b ~ ~ t i o n  producing mre 

nregative pressures aft of the cone-aylinder JunAure and higher positive 

The negative and positive pressure peaks over 
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pressures on the aft service modsale and Clare. 

leeward side, b u t  the e f f e c t s  are relatively small. 

weahningl c~f' an already thick and weak separa.ced flow layer does n?t pradtlce 

any spectacilar effects. 

The csnverse i s  t rJe  on %he 

The thickening and 

The sepa ra t ed  &"low effects for  the tower an zonfiguration are nore s u b t l e .  

The wake f rm the escape rocke t  i !v inges  a t  t i e  cmmand .aodd.e shodder and 

reattsshes on the serri te rsodile a 3  of the shollder. A t  high  subsonic i%ch 

nuxbers local  nor-oal shocks p r o i l ~ c e  a sadden pressure rise that the  re-  

t 

at tacbi i ig  flow cannot withstan4 and  reyeparstion occ~ar3. 

through the n o m 1  shock acso.mts f o r  the positive Dress-ne c o e f f i c i e n t s  

ovei the  aft service n?odiLe. 

destroys the lar,re necative pn?sstu.e r e g i m  aft of the command nodtlle shod.der 

and the  pres;;-s are, therefore, nore negative txmr G ~ I  t h a n  tower off 

The pres.;ure rise 

The reattaching tower wake o n l y  partial ly  

( 2 % ~ .  u>, 

With increasing h;le of attack the  Kindward reattachment point moves foruard 

ont9 the comaoand nodule and the pressiires a f t  or the co-wand rrrod.de a2proach 

a+,tached f l o w  values, proddcing more negative pressdres d i r e c t l y  aft of t h e  

comand module and xiore positive pressxes ofi the aft servicv :nodd.e and 

flare. The exception 

13 Ute leeward pressure on t h e  service module i :ardiately aft of the  command 

modfie wMch becows ?ore negative with increasing angle  of s t tack.  

l o c a l  effect is probably due to  the a f t  !novement )f the leemr? reattachment 

capwing less of the reattachlent p r e s s x e  rise to be f e l t  upstream a t  "the 

$ 

In general ,  the converse is true orl t h e  leeward 3lde. 

T h i s  

t h e  t o  cms3 flow e f f e c t s  



cornand ioodde-service n o d d e  jun3tue.  

to the  wlnrtward s i d e  presswe drop when the reattachxmt :mves f ron the 

service m d d e  onto the  coxaand iadule, The large redaction of the lee- 

ward negative pres sne  farther a f t  of tne con-rand .mdd.e (at '55 caliber 

i n  F i g w e  12)  may p a r t l y  be :a.med by this a f t  movement of the reattaehent,  

but most of Lhe pr?ssure rise shoilld be contributed t:, the  thickening of 

the attaching bomdary layer allowing the pressme rise through the l oca l  

normal stoc'<s to be'felt farther qxtream. 

This effect Coald also cmtr iba te  

The flare pressure d i s t r i b J t i o n s  shown i n  %Lure 1 2  reveal ? a x e d  differenws 

in tower on and tower off cnaracteris;ics, 

levels are higher  than the corresponding tower aff pressure levels. 

p r i x a r y  factor  c m s r l b a t i n g  t o  the higher tower or. 2resslrre levels  is the 

snaller region of seDarated flow. Tower off t h e  separation i3 larger and 

the ."lare pressires are r e d x e d  more. The s'nock-in5iced >epa ra t i an  xwer 

an i; t cn r t e r  a n d  the  f l a r e  charncteristlcs xre sirnila? t o  a t t ached   flow i n  

t ha t  windward ari! lee-fircl s i d e  increments due t o  angle of a t t a c k  are near ly  

A t  Oz = 0' the tower on pressure 

'?%E! 

e q w l .  

the tower 3n p-es.3ue d i s t r i b i t ; o n  aver the  comand modde. 

ward  side presstlre inc rease  due t o  angle 3f attack i s  ailch greater t n v l  the 

leeward s i d e  pressdm redactisn. 

The towr o f f  p ~ e s s u r a  d i s t r i b a t i o n  over  the ,flare i3 s in i l a r  to 

Thus, the wind- 

r'ne large s e p a r s ~ i m  touer  of$ prduzes  a 

1 The Type I nose-induced se?aration discussed earlier. 
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: : ~ e - ~ k e  i ~ m  that 

flare. 

tian tower o,'P a r e  sinilar *bo the conmnd mdule c h a r a c t e r i s t i c s  In the 

escape rocket wake tower on 

a = 0' m.aplete1j enclxes the swvice m o , ~ e  arid 

Consequently, the f lare  characteristics for  ihe nose-bdLced separa- 

1 

The shock-induced separation on the serviee modile with tower on is 

thinner and t h e  f lare  can xake its presence !morn by d i sp lac ing  t h e  f ree  

s t r e a n  t h r o q h  t h e  ' separation layer prod ictrig more attached-flow-liKe 

-flare charscteristics 

The pressure dis tr ibJt ions  rift of the service a d d l e  flare are g e n e r a l l y  

shilar tower on and tower off. 

i n  magnitude tower off than tower on. 

s e p a r a t i o n  tower-of f ,  with :low reattachment farther aft of the flare 

shoulder, destroys more of the negat ive pressures pmdfuced by expanding 

t h e  flow arolud the shoulder.  Both  &%he LorJer XI and the tower off presswes 

a,- less i n  :aagnitxde than for attached f l o w .  

change l i t t l e  s i t h  angle  of attack whi le  the uindwwd pressures approach 

a t t ached  flow valies for both confisurntions, as the u;Lnduard side re- 

attach:m?nt wxms forward af the shoulder ant;, the flare. 

The negative p r e s s ~ r e s  at= = 0 are less 

T M s  is teeawe the wre extensive 

. 

\ 

The l e e - i r d  side pressares 

This shoAder 

effect also rcduces the posit ive pressures on t h e  aft f l a r e  s a g p s t i n g  

that the  addition 3' a q l i n d r i c a l  a f t  bQdy t o  the f la re  will redxe t h e  

flare tionnal force de r iva t ive .  

Dleasure4aen:3 as K i l l  be shown later.  

his e x p e c t d  effect, is v + x i f i e d  by f o r c e  

The similarity batueen noas-indaced Type 1 separa t ion  on, a cone-cylinder- 
flare body and the sepa ra t ion  f r o m  the tip of a spike ~f less than cjptirnt~l 
length was pointed out earlier. 
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S m e r s o n i c  P res sa re  X s t r i b d t i o n  

The s inersmic pressure d i s t r i b i t i o n s  (F igure  13) req;rire l i t t l e  explanat ion 

after this smewfist e x h a i s t i v e  d i scas s ion  of t h e  s d s o n i c  d i s t r i b d t i o n .  The 

tower off conflgx-ation e x h i b i t s  a l n o s t  corgpletely a t t ached  flow charac- 

teristics, A t  14 = 1.43 a small flare-inddced se-arat ion i s  indicaued by 

t h e  increased leeward pressure farward o f  ttle f l a r e  at. a = bo. 

For t h e  tower on c x f i g u r e t i o n  t h e  wake ?'mm t h e  escape rocket  impinge3 

apon the corernand nod?lle a t  zero anzle of attack. The pressure rise t h r w g h  

the  shocK formed a t  the impingement produces the  oronounced peak appearin,: 

in the pressure d i s t - r i h J t l o n  on t h e  a f t  camand rnxide. The outer.higher 

veloci ty  portion D f  t h e  wake passes  through t h e  implnzement zone and re- 

at',aches on t h e  service modde aft 2f t h e  cornnand rrlodllle shoallder. h e  

pressure increase dae to reattachment deforms the pressore d i s t r i b d t i o n  on 

t h e  forward service m d d e  (compare tower off ) .  'The bowdarjr lager on t he  

serxice ? o d i l e  is thickened by t h e  r e a t t a c k i n g  wake an? t h e  f la r r - indu:ed  

s e p a r i t i o n  is  more severe touer on. This i s  evidenced by the larger leeward 

pressare dro? 3n t h e  flare a t  angle of  a t t a c k  Icoapare tower o f f  i n  Fi,ure 13). 

At a n g l e  of aGtack the uake i;npinges f a r t h e r  Torward on t h e  windward s i d e  

of  the comand m A d e  and t h e  reattachment -.oint .oves forward. At = Li' 

i n  Figure 13 t h e  windward s i d e  reattachment has .noved forward onta t he  

com-aand :Rod.de. T'nis i s  revealed by the -ward side pressure d i s t r i b d t i o n .  

?he p o s i t i r e  presswe peak on t h e  a f t  commmd mod*ale approaches a t t ached  
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, flow values (cort~pare l3a and l3b). Furthewore, t h e  negative pressure 

distribution on the forward service modde no longer snms 

men+, deformation, The leeward side impingement on the conanwnd mod-de 

mwes aft u i t h  i n c r s a s i n g  angle of attack. 

reattach- 

1 

At K =  4' in F f g a e  13 the 

wake no lon. ;er  caase3 any intpingement shock on the leeward cornand .mdule 

as can be seen f r o m  the pressure d i s t r i b J t i o n .  

ment shock higher velocity flow is expanding aroilnd the leeward shoulder  

an3 the negat ive  pressure on t h e  service nodule a t  the shoulaer i s  increased 

I n  absence of the hpinl;e- 

and approaches a t tached  flow mgnitdde (compare tower off). 

velocity wake reattashing aft of the sho.dder caclses a sbroni; recompression 

s!:ock evidenced by the sddden pressure rise i n  t h e  service modale presswe 

The high 

d i s t r i b u t i o n  . 
Service lbdule Loads 

The ex i s t ence  of leeward Dressares t h a t  are higher than the  corresponding 

windward pre:swes s q g e s t  that regions of negat ive noma1 force exist 

over the service modlilt. 

it becoaes evident  that negative loadings exisL over the senrice rrrodlle. 

Figure 4 presents some typical service module normal force curves. &e 

3y examining the service module force characterist ics 

laay see t h a t  with the  escape system on the service modde n o m 1  force is 

negat ive  ,rp t=, angles of attack of 6 or 7 degrees a t  t r anson ic  Mach n u b e r a .  

As :hch nmbsr 13 increases supersonically the negative n o m a l  force regions 

The uord "impingement" i s  s e d  here to dezotc t h a t  $he oJ ter  higher 
veloci ty  Yegion of the wake  is inpinging on and being def lec ted  by t h e  
command modale. 



TPt S3-bo-lL3 

a f t  of Lhe command module and forward of the flare d i M a f i .  Thus t h e  

inureaseci Ms norma force m v e s  for bo*& configurations converge as 

they both are approaching ccnplete leatwrd separation at high zngles of 

attack. Figure 15 prssen@ zero angle of attack service nodule charao- 

dramatically 5l3.iitrate the presenw of the negative loading forward ot3 

the aervfce module, Tba negative mrroal form derivative and the fxward 

center of pressure baatian at traz..sonic s y e d s  hdLcatS that  the negative 

nomal  fmce induoed by t h e  tm? uake is large, As lsach number is h- 

greater than 1.9 the s d c e  module load is p o e i t i m  bat less than that 

for attached flow and the emter of pressure is forw'ard of the  at+acheii 

f l o w  (tower eff) eantdar of pressure indicating a b o s t  no negative loading fo r -  

wiwd an the mea, module. Therefore, the redwed nomtal force 5erivattve irr 

due to Type TI shock-inrtuced 8,aparatian fcar#ard of the service module flare. 

1 



The tower off s e r v i c e  modttle characterissics agreed reasonably w e l l  with 

theomtical and  empir ical  resilts for  s w r s o n i c  attached flow. 

deviations from second order  s m c k  p r d i c t i o n s  may seem sa-prising, b u t  

, the data of Reference 1s indicates  that such dev ia t ions  e x i s t  f o r  large 

The 

nose angles sach as the  33' Apollo cone angl6. 

As i n d i c a t e d  by the preceeding discassion t h e  escape rocket  d ra s t i ca l ly  

alters the aerodynamic c h a r a c t e r i s t i c s  of t'ne forward body components. A 

d i scuss ion  of the effects of variolls escape system conf igu ra t ions  should 

be of benefi t  i n  iindemtanding the flow phenomena involved and in pre- 

d i c t i n g ,  a t  least q u a l i t a t i v e l y ,  the  effects of p o s s i b l e  f u t u r e  configu- 

r a t i o n  chanyes i n  the escape systen. 

Cowwad :%dale Characteris tics 

Addi t ion  of escape rocket and tower t o  the clean command rnodde g e n e r a l l y  

Increases t h e  bnwand modde noma1 force de r ivn t ive ,  moves the  c s n t e r  of 

pressure X f t ,  and decreases t h e  axial force. 

~ d i s k  increases the comnrand modile normal force d e r i v a L v e  as much as 15M 

t r a n s o n i d l y  (F igure  16). 

off as Mach number is increased u n t i l  a t  3 = 2.5 the norm1 force d e r i v a t i v e  

increment is  o n l y  abodt 25; of the a t t a c h e d  f low value. 

r educ t ions  i n  t he  s t a b i l i t y  margin a n i  axial force reduct ion a t  Cy - 0' 
are experienced. 

The escape rocke t  withoat  $:he 

This increase i n  normal force: d e r i v a t i v e  tails 

Corresponding 

The escape rocket w i t h  d i s k  on inc reases  t h e  camand 



modde iormal force derivative as much as 375% mer the  clean command 

rnodde valse, Corresponding increaszs i n  the axial  f o r c e  r edac t ion  and 

t h e  art center ~f p res su re  novanlent, caused primarily by the s t a b i l i z i n g  

axial f o r c e  moment, acconpany this i nc rease  i n  normal force derivative. 

Again t h e  separated f low effects are seen t o  diminish Kith inc reas ing  

:hch n m b e r  as t h e  tower wake closes more with i n c r e a s i n g  h c h  nmber. 

?:he data presenterf in Figure 15 show a r edds t lon  i n  stability (forward 

cen te r  of pressure mrement)  at 

fig-cations. 

reduct ion caused by adding the escape system also experience a reddction 

oyer this Pach nmber range, The daLa i n  References 16, 17, lo and 19 

show the same phenomenon f a r  spiked blilnt  bodies  . 
17  (figure 17) i n d i c a t e s  t h a t  t he  Mazh nlunber a t  which the  cud81 f o r c e  

increases occurs is somewhat a function of spike length . 

M * 1.1 to 1.2 f o r  t h e  open tower coli- 

The increaentaf normal fo rce  d e r i v a t i v e  and  the axial  force 

il: The da ta  of Reference 

2 

The inonocoque tower procluzes some very i n t e r e s t i n g  effects . 
t h e  c o m w d  modale ~ 1 . ~ 3  tower l oads  are low, bat at ?4 

Trans m i  e a l l y  

1.34 a sddden 

i n c r e a s e  in n o m a 1  f o r c e  occurs wi tk  a corresponding reaxward center of 

The data in Fig. 1, Aef, 16, has to 
drag spike-off is realized because 

be i n t e r p r e t e d  with norrle care. 
t h e  blmt nose-tip c a s e s  tile Type 1 

The low 
- -  

nose-induced sepa ra t ion  r e s a t i n g  i n  decreased drag on t h e  following con ica l  
nose-section.. , 

Reference 1 7  are masked by ;epara;pd flow effects tan the aft body s i n c e  
this reference i s  the only one knmn to the a i thors  t ha t  i n c l l d e s  normil. 

,force data f o r  sp iked  bodies aver t h e  ;ransonic ~;lazh nmber range- 

2 It is mfsrtunate t h a t  the  nTrna1 f2rce and c e n t e r  of pressure data of 
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press- moremer?t & a reckmtion i n  axial force. The f low oveP t he  c ~ i m o n d  

m0dd.e and mmscaqAe tower is: at tached simonically ba t  at sqers3i:i.c -kch 

nunbers a f lare- induced separatim occws on Lhe mmocoque tower ahead of 

the  komroand mod i l e  prodicing the observed separated flow effects. 

In general then, the addit ion of t h e  escape rocket and open tower produces 

separated flow effects on the  co.lLnand m d , d e  t h a t  are similar 20 t h e  effects  

of a ccmventional f l o w  separation s p i k e .  

is  s h i l z r  t a  shortening t h e  spike and the  separa ted  -flak- effects are 

redaced. 

configurat ion.  

t o  a cone-cylinder-flarc body with a stabcritical nose angle sdch t h a t  only 

Type I1 flare-induced separa t ion  o c c u s  over the corrnand nodde.  

&moving the escwe rocket  d i s k  

Replacing the Jpen tower w i t h  a nonocoqae tower produces' a new 

The configlaration is no longe r  a spiked body but is s i r n i l a r  

Senrice % d d e  and Flare Charac te r i s t i c s  

The zero angle of  attack c h a r a c t e r i s t i c s  f o r  the coqbinsd service a d - d e  and 

flare ( F i g w e  Id) show t h a t  t he  negat ive c y l i n d e r  hading over t h e  service 

n o d i l e  has a d o d n a t i n g  e f f e c t  upon the n o r a d  force d e r i v a t i v e  f a r  the basic 

c o n f i g u r z t i m .  Adding t h e  escape r a c k e t  and touer t o  ths clean c o n f i g n a t i m  

redaces t h e  nclrmal force derivative.  

can be explained by Lhe c o i h i n e d  effects of  the negative c y l i n d e r  loads, t h e  

s e p a r a t i o n - i n d x e d  flare normal force and the a.xial force nonent. 

the  command m d  d e  characteristics dlscxmed ear l ie r ,  t he  disk o f f  conf ig i -  

ration r e n r e s e n t s  an in t iemedia te  ease between the  clean and basic 

The el;"ect 03 the c e n t e r  of pressu-e 

As f o r  



configurations. 

on the service m d d e  (as is i l l s t r a t e d  in Figure 15 ) as well as the 

wake-triggered flare-inducecl aeparatim. 

tower does not change the spike-charasteristic3 2€ the escape-rocket 

(Figure 13). 

caniroand modale for %he mmocoque tower. ' f im the  nose-inddced I 

separation o c c ~  a t  the cornnand wdAe sholrl3er, and the subsonic charac- 

teristics are s in i la r  t c  the tower-off characteristics. 

krnadn;  t h e  d i s k  redices t he  foruard negative loading 

1 

At sqerssn ic  spze.2 the manocoque 

A t  sabsmic bpeeds, however, the flow is attached over the  

i 

Bn inportant effect  of geometry is denonstrated in Figure 15, vLz. the 

difference betueen t he  interstage flare of a n  ascent vehicle ana the 

terminating flare of a re-entry body. 

interstage flare caases a substantial reduction i n  the separation-induced 

flare load. 

12.  

The cylindrical a f te rbody a t  the 

finis effect  was alsQ indicated by t h e  press-we data i n  Figure 

How the various tower and e s c a p  mckei conf igu ra t ions  affect the angle 

of attack characterisfics of  the co.abined service m d d e  and f lare  is 

shown in Figure  19. I n  addition t o  confir,Ring the msiiltrs jwt disedsaed 

(eigure IS), Figure 19 shows t h a t  the effect of the varims escape m&e% 

'phis ef fec t  a t  supersonic Plash numbers sdg&es*,s that a s l i n i l a r  r e d x t i o a  
in loads should 5e achieved tmnsonical ly  by renaving the d i s k .  

, 



configurat ions decreases with  inc-waslng angle of attack an.d 

a t  high 

ration are the same a3 those obtained on re-entry bodies (Reference 21)). 

disappears 

Crl. The hysteresis loops at ;'i - 1.0 f o r  the tower of? configu- 

In :@nerd then, the addition of the esca?e rocket and open tower redaces 

the nornral force and mves the center  of prossue af t  m +,he cwbined 

service .mdi le an3 "lare. 

escape rocket are reduced. 

have any appreciable effects on the sdpersonic characteristics. At sub- 

sonic speeds, however, the shroading pwduces close to tower off sharac- 

t ens  tics. 

*en the d i s k  i s  renoved the effects of  the 

Shrouding the escape rocket tower does n o t  

woqa2.d e.qoct  that increasing the  service modde l e n g t h  would have no 

effect on thie tower induced somaand madfie and forward service xodule 

loadings; however, t h e  a f t  service n o d i l e  and ?lare loadings w o d d  be 

changed s ince  the l m g e r  service mod>de would allow a thicker  boGmdary 

layer t o  develop foruard of t he  flare thereby i nc reas ing  the effects  of 

flare induced separation. Figure 20 corepares the  disk on normal force 

distr ibat i3ns  a t  e= 2' and .4 = 1.0 and 1.2 for the two s e d c e  aodule 

lengths, (1.1% and  1.387 calibers respectively). i"ne forward service 

m d d e  1 0 3 d h g  is plotted r e l a t i v e  to the comand madde w h i l e  the aft 

The f l o w  over the serviue w d d e  and flare is then cm: le te ly  attached 
on t h e  windward side and conrpletely separated 3n the leeward side 
irrespective of the escape rocket configuratim. 
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sorvlce mduls  load is plo t ted  relative to the  lare re. here is no change 

in the foruard service a o d 3 e  loading due t o  cylinder length as expected 

since this l 0 s d h g  is p u e l y  a fruiction of t h e  escape system geometry. 

The aft senrice aod*&e and flare loadings shou the fotlowing effects cawed 

by len,;.,thening the service rnodde: 

~ 1. The flare indJced negative laadin;  occurs fbtber fclfu.rc! of “&e flare, 

2, Incmased positiire service m d d e  loading just forward of the 
““el 

3. Increased  flare loading. 

All three effec3 are consistent with the additionr3. boilndary layer growth 

caused by lengthening the service nodiile. 

force derivatives are compared, as i n  Figure 21, one sees some pecd3.m 

B3Sl l tS .  

However, when di3k off norm& 

Figure 21a shows the coxbined service noddle and f l a r e  characterist ics f o r  

a number of configurations. 

service %md.ile produces s i d l a r  %a versu.3 Xach nmber characteristics of 

only slightly larger magnitudes than those for  the short service inod.de. 

Figures 21b and e indicate tha t  this increased loading is caused by an 

For the disk on confiGurations t h e  lmger 

increased flare loading which is consistent  With tha t h i c k e r  boundary layer 

on the longer service modale. 

teristics are appmxhate ly  $he s u e  sdbsonically for both cylinder lengths 

while s(rpersonical1y the longer service ..todale prodaces a much lower noma1 

force derivative than the short service module. 

sees that subsonically the long sen?ce aodde f l a r e  force follows the 

Ths d i s k  o f f  service r n ~ d d e  and flare charac- 

Exaillining Figme 21c one 
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disk on t r e n d  w t i l e  s4erss i i C a y  i t  f o ~ o u 3  the t 0 w t . r  off  trend. 

IL a?pears then dhat diSK off the boilndary layer forward of the  ;flare is 

stronger on t h e  l c ~ n 3 3 r  (1.3137 caliber) service modile and t h e  f l r n i n d u z e d  

sepa ra t ion  is reduce$. 

obvioJsly ini5.nately related ta t h e  e x t e n t  of the tower wake. 

the longer c y l i n d e r  allows the service modile bollndary layer t o  becme 

comletely reattached before it e n c o m t e r s  t h e  flare thereby reducing 

the flare i!iduced separazion. 

Since this trend does n o t  appear d i s k  on it is  

D i s k  off 

Disk on t h e  l o n g e r  saxe prodaces a 

t r a n s i t i o n a l  service mdule  bomdary layer which i s  n o t  conpletely re- 

attached forward of tile flare arid lengthening $he s a v i c e  ia0diI.e promotes 

flare induced separat ion.  

the cornsan3 nodiile shoalder f i x  reaeparat ion relative t o  the  nose and d i s k  

on and d i s k  of f  c h a r a c t e r i s t i c s  are similar d i f f e r i n g  only i n  .nagnitude. 

aclbsonically t h e  l o c a l  normal shocks aft of 

There exists then, a t  sqcrsmic speeds, a c r i t i ca l  cylinder l e n g t h  f o r  

each escape c m f i g u r a t i o n .  

c y l i n d e r  l e n g t h s  t h e  bwndary  layer forward Jf the flare becones coTle t e ly  

reat tac .bd.  

l ength  i s  s u b c r i t i c a l  both disk on and d i s k  off. 

l e n g t h  (1.387 

is connletely attached forward of t h e  Clare while d i s k  on tfie long  serttice 

modf ie  l e n g t h  i s  st i l l  sdbcritical. 

I'or g r e a t e r  than c r i t i c a l  ( s q e r c r i t i c a l )  

For t he  s h o r t  s e r v i c e  rnodde (1.138 calibers) t he  c y l i n d e r  

The l m g  service modfie 

cali'bersjis supercritical d i s k  off  and the boundary layer 
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S 3iWA.L 

The precehing discilsskon has Seen presented  in an atteropt 

insight i n t g  how separat-d f l o w  affects the S a t u n  1 - Ap 

The conF1et.e n o m 1  force d e r i v a t i v e  d i s t r i b i t i m  w i l l  be 

ta provide some 

l l o  mnf igura t im.  

d i s c  i s s e d  i n  tiiis 

section, a n d  the  senarated l o w  effects w i l l  be shown Lo d o x n a t e  t h e  load 

d i s t r i b u t i o n .  

3bvioIlsl:r the t o t a l  n o d  force derivat ives if the  cmmand 3odJ3, s e m i c e  

nloilile, and s e r ~ i c e  :mdiile narc can be o t t a i n e d  d i r e c t l y  frm the  data of  

References 3 and L.  rhe pressme d a t a  of 2efcrence 5 was used t o  o b t a i n  

t h e  l o n g i t d d i n a l  d i s t r i b  i t i o n  of t!ie n o r m 1  force i c r i v a t i v e .  s i n c e  the 

(iata of Reference 5 was sonteuhat scanty i n  regard tc, peripheral pressure 

d is t rLbJ t ion  i t  was necessary t o  m e  an empirical i n t e g r a t i m  "vchniqlie t o  

o b t a i n  t h e  i n t e g r a t y d  rxmal f o r ' e  a t  each s t a t i o n  a :  d i s c s s e d  i n  Appendix 

A .  

t 

0 The l o n g i t a d i r d  noma1 force d i s t r i t ;  Lti.m was t h a  :a'Lciifated a t  CY = 2 

and Lo. 
the varioiis s e r v i c e  :noddle posicive and negative load y a k s ,  and it, was 

necessary ta n d j J s t  t h e  nl-ml force d l s ~ r i b ~ t i o n  m t i l  agreement with the 

force da5a 2 33eferences 3 an3 !.I was obtained. file variois p o s i t i v e  and 

negative service m d d e  n o m 1  force regions were integra*ed and replaced 

'0: d i s c r e t e  force vectors as shown i n  Sketch 2 on t h e  following page, 

The longitudinal data p o i n t  density was i r i s - z f f i c i en t  ti, de>erinine 



Sketch  2 

. i  

The l iu~ped  force vectors for E = 23 and tr 3 were f a i r e d  through a 10" 

and % a s  9' dp:a3s L , - 

assming  synmretry f o r  p o s i t i v e  m a  negative angles ~ f '  attack t o  o b t a i n  the 

a t  a= 0". The sane procedure n valaes of Ci* 

was followed w i t h  t he  lLuoped p i t c h i n g  m e n t s .  

are highly n o n l i n e a r  wi th  angle of a t t a t ;  it wa3 necessaq ti2 adj l r s t  t he  

a - f a i r i n i ;  m t i l  s d f i c i m t  ageement uas obtained uith t h e  servi2e no3d.e 

S i n c e  the lumped forces 

d e r i v a t i v e  s x d  c e n t e r  of pressare data  of Keferences 3 and b.  

illustrates t h e  degree of agreement t h u s  obta ined .  

kipre  15 

i'he lvnped force vectors ,  

Cl im2,  Qn3, Chcr4, and 5, 
of the a= 2O d i s t r i b u t i o n  as a guide. 

were then d i s t r i b u t e d  wing  the general shape 

The data of .Zeference 3 were used t o  obtain t h e  ~ i o m a l  force d e r i v a t i v e  

d i s t r i b a t i o n  over the flight conf igu ra t ion ,  d i s k  off and long service modile, 

f o r  the !hch n m b e r  range -8 t o  1.2b. 

the noma1 force d P r i v a t i v c  d i s t r i b d t i o n s  wer t h e  basic c m f i g u r a t i o n ,  d i s k  

'These d s t a  were a l s o  used t o  ob ta in  



on m d  short service sodas, aft of the service :rro&de llart. T h i s  is 

reasanable thau it, sight seeIti at first. 'RE only aft body loadings 

t h a t  w o d d  be affected bj- farebody c o n f i g w a t i o n  is t t rc loading on t h e  

secmd stage Just aft of &he service iriodde flaw, 

there ~lms very l i t t l e  difference even i n  tha t  loading between disk on and 

It was foirnd that 

d i s k  aff f o r  t f re f l i g h t  conf igma t ion .  

the effect of service Aodclle l e n g t h  on t'ne aft body loading woda  be even 

Therefore, it was reasoned t h a t  

lesv and c o d d  be neglected. 

The d a t a  of Reference 5 were wed t o  obtain <he higher ;.lath nimber (i4 1.u 
and 1.93) normal force der iva t ive  d i s t r i b u t i o n s  f o r  both the U g h t  configu- 

ration, disk off and long service iilodde, and the basic c o n f i g u r a t i o n ,  disk 

on and short service a o d d e .  

on the service modile flare and forebody geometry has negligible effect on 

t h e  a f t  body loads. 

A t  these h i g h  Mach nmbers  reattachment occurs 

Basic Configurat ion 

The effect of adding the basic escape spcem csnfigurat ion t o  ;he clean c o m i i d  

m d d e  is i l l -rated in Figlres  223 and b. 

d e r i v a t i v e  d i s t r i b u t i o n  is qdte drastic particllarly on the forward p o r t i o n  

o f  the vehicle. 

loads are generated forward on the service modde by adding the e s c a p  systen. 

Due to its spike effect the escape system e l i n i n a t e s  th8 Type 1 separation 

and red~ces  the separation-induced loAdi.ngs a f t  on t h e  service module, flar-, 

and forward ?lortion of t he  secmd sta,;e. 

The effect on the n o d  force 

The command 3iodd.e loading i s  increased and large negat ive  



smica l ly  as a re3d.t of the  flare-Lndd:ect. Type 12 sepra tLzns  (Figures 

22c' arid d ) .  

decrease. 

when t h e  Mach nmbar is inzreased Ea% the forward negative 3prvice w d d e  

As the :hch riciiiltier is iscreased t h e  fiarc-,ndJced loads 

The wa.re-indxed c3m.aand rnodsle l oad  r e m a i n s  relatively constant 

load dirainishes d i e  tu the reduced size of ihe ssca?e racket wake. 

tiha deviations between the separated flow c h a r a c t e r i s t i c s  and the loading 

one would compute w i n g  a t t ached  flow rnethods are large is vividly 

demons trateci, 

That 

Flight Configuration 

The normal force d i s t r i b u t i o n  vith the disk added ts the flight m n f i g u a t i o n  

is  co?lparced t a  t h e  d i s k  off distribution I n  F i p m  23. 

increased  corninand n o d d e  loading, greater negative loading3 OR the forward 

service modfie and increased f lare  loadin,.. 

the service z 2 d d e  flare) a n  be seen t o  -?ary m l y  s1ight;ly between disk 

on m d  d i s k  o"f. 

The d i s k  prxhce3 

h e  aft body loading (aft of 

The loading on the sedond stage imnediatel ,  aft ol' the service nodd-e ,flare 

should be sensitive to forebody configuratim. It appears, however, L h t  

subsonically the greater part ai' the  nega t ive  loading forward an the second 

s t a g e  i s  calued by the na rna l  shocks xhich occur a t  r e a t t a c b e n t  ( F i g u e s  

2 3  and b). Therefore, t h i s  loading is, f o r  a l l  practical  purposes, csnstant 

f o r  both c m f i g u r a t i o n s  and +&e sabsequent aft body loading  difzerences are 

within t h e  ac-uracy of the  data, Ssperaonically reattachment occurs on the 

service module f la re  and the sxbseqiient a f t  body loadings can be seen t o  be 

practically i d e n t i c a l  fo r  both configurations (Fig-ares 2% and d ) .  

\ 



m 5340-3.4.3 

The flow f i e ld  over the Saturn I-Apollo vehicle is dominated numerous 

ca@ons of separated ilow wbi& have a draiktic effect on tbe s ta t te  load 

&istiribation. The following conclusions can be dram frw the static 

ropdana3pia: 

1, 

2. 

3. 

L. 

Ths various open tower oonfigumtions produco a d e  whioh 

c w e a  an increased oomand m o d u l e  b a g  and m a y  prodwe 

8 n u y t i v s  forward 8ervice module load depending m the 

wake size. \ 

h a  t o  i t a  thickening effeot upun the serdce eroduln bouad8- 

&r, the tower wake &a pranotes flare 

at the sorvioa rpduls flare. / 

lbmowal of the eseape rookat C B U C I ~  amplete (nose-induced) 

separation to occur a t  the command modulrb shoulder at  high 

subson50 H u h  nmbers. 

A critical s e c e  module lmgth Srilrta for each escape 

configurrtian such that for swrftioal lengths ths service 

module boundary layer is trarmitiaal or nbt cmpletelg 

attached forurd  of the flare; whereas fol- longer thm 

critical servioo module 1mgfPIthe boundary layer beemw 

completely attached forward of t h e  flare, The transftional 

boundarg lqer for subcritical, ctylinder lengths promotes 

tbt flare induced seprc.fion. 

sspsration 



5. The hadings aft of the service nodule f k a  are relativelg 

The major SOUFCW of flow separation over the Saturn Idlpol lo  vehicle are: 

the h e r  mounted escape e r g a t e m ,  the blunt nose <ram, and the steep fnter- 

s t a p  Rares.  One na3- expect sfad& static force irregularities fo r  other 

vehicle conflgmratfona wkich ex'bibft similar gec.rnotric proprtissr 

i 
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- A-1 

obtain a d a h i b d  lord diatributian It  uaa necesslilry to mako u8e of the 

itYgums A-la, b, and o present thrtw typiOal radial pressure distributions 

obtainad from the data of Mamame 5. The data are plotted IS C p p  - 
cp  



pressure d5strlbations for a rider of cB8es. 

a 
8 

P, 
1 

Q 
n 

0 

-IK3 t- 

P 
i 

B 

data one obtains the faUoubg e x p ~ i r l a n  lor tbe 1-1 n o d  form ocmffi- 



- A-3 - 

tshare Cp 

d 

0 

B 

Preaaure Oae2fici6mt, P - P a  
hf J 

bcal diuneter a t  S t a t i o n  X 

Reference length 

Radial podition as dafined in Sketch A l l  

Langitukbml Noraa l  Force Distribution 

The n o d  forw distributions obtained hwe the radial pressur8 fnthgratitm 
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AB dfrrczglrrwd in the bo@ of the report, the vapi~us regions of pait ive  and 

negative loutfng w a y  be raplarted 4 dislrrete force v e c t m .  Tsae Load d b -  

may dirylpsar or change sign, Figure B-1 d d b s  the general l a d  d i s t d -  

bution and the 19 1mpec.i fo rces  (18 body forces p h 8  the f in  Ipading) used 

to ap;uraximate the loading. 



Po-: Body forward of senit28 module flare - 2nd stage jmc- 

The umthod of obtnning the forebody laads on the baaic confs-guratian using 

force and pressure data bas been discussed previously in the body of +&e 

report (section ent i t led  R l d o r m a l  Farlnre Derivative Mstribu%m")as has tCre 

3ustiFication for using the data af References 6 wd 8 to obtain the aft 

bady lcadiag for all configurati6ae, The fin increments obtained 

directly t%m Ref9remo ?. ??m LpcrebW i t d i n g  op8r the Zi3.ght configma- 

tion was obtained directly f 'mm R e f e r e r a s  8 after the data had been %em 

shifted, These data covered the Each nm'ner range .8 to 1.28, The s0.m 

angle of attack distfibuticm was extrapolated w i n g  baa50 oonfigurat ioa data 

as a guide, The farsbodty data for tbe short earvice nodule, disk o f f  XBS 

obtained by assuming tbat the flight configuration (lag service module) 

L4ading applied over the serplce module, 

was thm obtained by coarputing the flare loading necessary t o  produce the 

?roper lsemioa module - sB3pploe module flare ncrrmal, Poroe dEucivatiw. 

T h e  a&m module flafc loadfng 

\ 

Ffgureer EL2 and B-3 present; the CY- 

uenterr~of presetwe for the flight conf5gurati.m (long service m o d u h )  disk 

on a& &k off ,  Figure 3-4 present8 tbe a= 00 lumped force darivative 

loa& and cmtsp.s of pressure far the baslo oonfiguratien (ehort service 

module) dfsk off and disk cm. 

lumped force dtarivative loads arad 
rS 
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I - A t r ip le  slope apprxinatlon t o  the lumped force angle of attack charactnr- 

ts t ics  5s presented in Tabla B 4 I .  Sketch 3-1 belaw de- the t r i p l a  

i 
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